A new, sensitive method for determining dopamine has been established based on the principle of fluorescence quenching. A linear relationship is obtained between F0/F and the concentration of dopamine in the range of 0.80 -16.00 μg mL -1 . The detection limit was 0.23 μg mL -1 and the relative stand deviation was 1.54%. The mechanism of the fluorescence quenching has been discussed. Effects of pH, foreign ions, and standing time on the determination of dopamine have been examined. This method is simple and can be used for the determination of dopamine in injections solution of dopamine. The results obtained by this method agreed with those obtained by the official method.
Dopamine, a neurotransmitter, is one of the naturally occurring catecholamines, and its hydrochloride salt is being used in the treatment of acute congestive failure and renal failure. 1 In view of its pharmacological importance, considerable work has been done for its detection and quantification. Various analytical techniques have been employed for the determination of dopamine in plasma, pharmaceutical dosage and elsewhere. Flow injection analysis, [2] [3] [4] [5] cyclic voltammetry methods, 6 -11 spectrophotometric method, 12 and HPLC [13] [14] [15] had been employed for determining dopamine; such methods along with the trihydroxyindole method 16 and the improved trihydroxyindole method using iodine as oxidation reagent and sodium sulfite stabilization reagent, 17 had a good selectivity, but the stability was not satisfactory. A sensitive method for the detection of catecholamine based on the fluorescence quenching of CdSe nanocrystals was developed. 18 The sensitivity is different in determination of dopamine in a urine sample; it depends on the method used in determination of dopamine in the urine sample. Lower limits of detection (1 -82 ng mL -1 ) were reported for fluorometry 19, 20 and first-order derivative fluorometry, 21 but their reproducibility were not satisfactory; so far the lowest detection limit for determination of dopamine with HPLC 22 (0.6 ng mL -1 ) was reported by Mallols. In recent years, enzymatic assays have been widely used in analytic biochemistry because of their rapidity and high selectivity. Horseradish peroxidase (HRP) is one of the most important enzymes obtained from a plant source and has been studied for more than a century. 23 Now it is widely used in various fields such as biotechnological applications, 24, 25 biosensors, [26] [27] [28] and neuroanatomy. 29 HRP-hydrogen peroxide system is one of the most widely used enzymatic reactions in bioanalytical chemistry, studies on the oxidation reaction of tyrosine with H2O2 catalyzed by HRP in different solvents were reported. 30 In our research, the tyrosine reacts with H2O2 to form product I, which is a strong fluorescence substance, in the presence of HRP. This reaction is highly selective. The reaction equation reads as follows. 31 In this paper, a new, selective and sensitive method for determining dopamine has been established based on the principle of fluorescence quenching. The method can be used for determination of dopamine in injections and urine samples with satisfactory results.
Experimental

Apparatus and reagents
Spectrofluorometric measurements were made on an LS-50 (Perkin-Elmer, UK) spectrofluorometer equipped with a xenon discharge lamp and 1 cm quartz cells. The measurements of fluorescence lifetime were made on an FLS 920 (Edinburgh, UK) spectrofluorometer equipped with a hydrogen discharge lamp. A high performance liquid chromatograph (Model LC-6A, Shimadzu, Japan) was used for determining dopamine. A pH meter (Model pHS-3C, Shanghai Leici Instruments Factory, China) was used for pH adjustment.
Dopamine hydrochloride (> 99.8%, chemical correspondent product) was purchased from Chinese Drug and Biological Product Detection Institute and was used as a standard; L-tyrosine (chromatographic reagent) was obtained from Shanhai Reagents Company, China; HRP was purchased from Roche Pharmaceuticals Inc. in Shanghai; other reagents were of analytical reagent grade. Doubly distilled water was used in all experiments.
Procedure I
The following reagents: 1.0 mL tyrosine (10.0 μg mL -1 ), 1.0 mL H2O2 (3 × 10 -3 %), and 1.0 mL HRP (10.0 μg mL -1 ), were transferred sequentially to a 10.0-mL volumetric flask at pH < 6; this was kept standing for 5 min. Then 2.0 mL of pH 11.80 buffer solution was added; the solution was diluted to the mark with water and mixed well. This solution was identified as solution A. Next, 1.0 mL dopamine (50.0 μg mL -1 ) was added to a 10.0-mL volumetric flask, and other components were the same as in solution A; this solution was identified as solution B. The excitation and emission spectra of the solutions were recorded and the relative fluorescence intensities were measured at 400 nm with excitation at 307 nm. The scan rate of 240 nm min -1 and the excitation/emission windows of 10 nm were used during all the experiments.
Procedure II
Urine samples from volunteers spiked with dopamine were collected in 10 mL of 6 mol L -1 hydrochloric acid over a 24-h period and stored at 4˚C. One milliliter of each solution was transferred to a 100-mL volumetric flask, diluted with water and mixed well before being used. In addition, urine specimens from volunteers (without dopamine) were processed as mentioned above. These solutions were used for the analysis of sample and the determination of recovery, respectively.
Results and Discussion
Excitation and emission spectra of product I
According to procedure I, the excitation and emission spectra of product I in the absence and presence of dopamine were recorded. The result showed that the maximum emission wavelength of product I was 400 nm with the excitation wavelength at 307 nm. The relative fluorescence intensity of product I decreased in the presence of dopamine, which showed that the quenching of fluorescence occurred in this condition.
Fluorescence quenching mechanism
Fluorescence quenching experiments were carried out. The dopamine was used as quenching agent in this experiment.
Generally, several mechanisms can describe quenching of fluorescence, such as dynamic quenching, static quenching and combined static and dynamic quenching. The combined dynamic and static quenching take place in many instances. In this case, the Stern-Volmer plot is characterized by a non-linear behavior, 32 with an upward curvature.
The following polynomial equation is observed:
where KD and KS are the dynamic and static quenching constants, respectively. F0 and F are the fluorescence intensities in the absence and presence of quenching agent, respectively.
[Q] is the quenching agent molar concentration. The result in Fig. 1 suggests that the quenching mechanism of dopamine to fluorescence of product I is not combined static and dynamic because the Stern-Volmer relationship is nonlinear. A completely dynamic quenching mechanism can be expected by the classical Stern-Volmer relationship: 32
where kq is the bimolecular quenching rate constant in M -1 s -1 , τ0 is the lifetime of the fluorophore in the absence of quencher. ksv is the Stern-Volmer quenching constant in M -1 and in this case, a linear plot of K0/F vs.
[Q] will be obtained.
In the case of static quenching, the Stern-Volmer equation 33 is observed, giving a decrease of fluorescence intensity due to formation of nonfluorescence complex in steady state.
where K is the formation constant, the Stern-Volmer plot is linear too. The measurement of fluorescence lifetime can confirm a dynamic or static quenching process. The lifetime of fluorophore on excited state, τ0, has no change in the presence of quenching agent if static quenching takes place. Reversely, τ0, has to be shorter if dynamic quenching occurs. That is, τ0/τ1 = 1 for static quenching, τ0/τ1 = F0/F for dynamic quenching. 33 The fluorescence lifetimes of product I were measured in the presence and absence of dopamine, respectively. The result showed that the fluorescence lifetimes of product I, τ0 and τ1 (see Figs. 1 and 2 ), were 4.35 and 4.26 ns in the absence and the presence of dopamine, respectively. That is, τ0/τ1 ≅ 1. This fact indicated that a static quenching process occurred, based on the fluorescence lifetimes of product I. Therefore, we suggested that a static quenching process was occurring between product I and dopamine.
The different concentrations of dopamine were added to solutions, and F0 and F were measured according to procedure I. The plot of Stern-Volmer was obtained. In addition, the formation constant K, 2.81 × 10 4 , was estimated based on the Stern-Volmer plot.
Influence of pH
Effect of pH on the relative fluorescence intensity of procedure I had been tested, and comparative tests at various pH values showed that the relative fluorescence intensities of procedure I change with pH. Variation of the pH from 1.0 to 13.0 was investigated. The result indicated that the tyrosine can not form product I in the ranges of pH 1.00 -4.00 and that the relative fluorescence intensity product I had no notable change in the range of pH 9.3 -13.0. The Stern-Volmer relationship is nonlinear at pH 8.20 although the relative fluorescence intensity of product I was maximal at pH 8.20. What is more, an excellent linear relationship was obtained between fluorescence intensity and the concentration of dopamine at pH 11.80. Therefore, Na2HPO4/NaOH buffer solution was selected to control the pH of the system. Moreover, the result showed that Na2HPO4/NaOH had no effect on the determination of dopamine. However, it is emphasized that HRP is not active at more than pH 10; a procedure was thus applied to resolve the problem over the whole test range. Namely, tyrosine reacted with H2O2 to form product I in the presence of HRP only. To ensure the activity of HRP, we added HRP to the tyrosine-H2O2 system when pH was below 8. After tyrosine reacted 1298 ANALYTICAL SCIENCES NOVEMBER 2007, VOL. 23 completely with H2O2, Na2HPO4/NaOH buffer solution was added to the tyrosine-H2O2 system for controlling the pH of the system to ensure that the fluorescence of product I was quenched by dopamine at pH 11.80.
Effect of amount of H2O2
According to procedure I, the relative fluorescence intensity was measured under the different volumes of H2O2. The results showed that the relative fluorescence intensity of product I increased with the rise of H2O2; the relative fluorescence intensity of product I had no notable change between 0.80 and 1.25 mL H2O2. Thus, 1.00 mL H2O2 was recommended.
Effect of amount of HRP
According to procedure I, while the amount of HRP was varied, the relative fluorescence intensities of product I were measured. The results showed that the relative fluorescence intensity of product I no longer changed when the volume of HRP was above 2.00 mL. Therefore, 2.00 mL of HRP was optimum.
Effect of addition order of reagents
According to the procedure I, the test of addition order of reagents was carried out. Results showed that the order of reagents, L-tyrosine, H2O2, HRP, buffer solution and dopamine, was satisfactory because the relative fluorescence intensity was maximal according to this addition order of reagents.
Stability of product I
According to procedure I, the relative fluorescence intensities were measured after standing for different times. It was found that the relative fluorescence intensity was no longer changed after standing for 30 min. Therefore, 30 min was selected as the optimum. In addition, the relative fluorescence intensity of procedure I was stable at least 3 h at room temperature.
Effect of foreign ions
A systematic study was carried out on the effects of foreign ions on the determination of 5.00 μg mL -1 of dopamine. A 500 μg mL -1 level of each potentially interfering species was tested first.
If interference occurred, the ratio was reduced progressively until interference ceased. The tolerance level was defined as an error not exceeding ±5% in the determination of the analyst. Results are summarized in Table 1 . We emphasize that the tolerance level was lower for noradrenaline. This means the interference occurred for determination of dopamine if noradrenaline was present in the sample.
Calibration graph of dopamine
Under the selected conditions, a linear relationship was obtained between the relative fluorescence intensity and the concentration of dopamine in the range of 0.80 and 16.00 μg mL -1 . The linear regression equation of the calibration graph was C = 6.7522F0/F -6.2360 (F0 is the relative fluorescence intensity of product I, F is the relative fluorescence intensity of product I in the presence of dopamine and C was the concentration of dopamine), with the correlation coefficient 0.9995.
Reproducibility and detection limit
A portion of the standard solution of dopamine was transferred into a 10-mL volumetric flask, the reagent was added and values were measured according to procedure I. This sample was measured 10 times (n = 10); the mean value was 4.94 μg mL -1 with a RSD of 1.54%. According to procedure I, when a reagent blank was measured ten times (n = 10), the detection limit was 0.23 μg mL -1 .
Comparison of enzyme-catalyzed fluorescence quenching and HPLC methods for analysis of sample
The injection solutions of dopamine hydrochloride (different batch numbers) were diluted to different concentrations with water.
These solutions were used as sample solutions. According to the procedure I, the relative fluorescence intensities of the sample solutions were measured. The concentration of dopamine in a sample was calculated according to linear regression equation of the calibration graph. At the same time, dopamine in these sample solutions was measured by HPLC according to British Pharmacopeia. 34 Results are shown in Table 2 . As can be seen, the results obtained by fluorescence quenching agreed with those obtained by HPLC. In addition, the three groups of data of the two methods in Table  3 were tested with the Cochran method. 35 At a confidence level (p) equal to 95%, there was no significant difference between the two methods.
Recovery of dopamine in injection
The recovery of dopamine added to the different concentrations of sample is shown in Table 3 . The recovery was from 91.4 to 97.2%. The confidence intervals were estimated to results of determination in Table 3 based on p = 95% and n = 3. p and n were the confidence level and times of replicating determination, respectively. 
Analysis of urine sample
According to procedure I, the dopamine in the urine was determined. Results are shown in Table 2 . As can be seen, the results obtained by fluorescence quenching agreed with those obtained by HPLC.
Recoveries of dopamine in urine sample
According to procedure I, the recoveries of dopamine in urine samples using sample solution 1 (prepared according to procedure II) were measured. The results are shown in Table 4 .
In conclusion, the results presented in this paper clearly demonstrate that dopamine can be determined by the enzymecatalyzed fluorescence quenching method we proposed. The results obtained by the fluorescence quenching method agreed with those obtained by the HPLC method. This method can be used for determination of the dopamine in the injection and urine sample.
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